INTRODUCTION {#SEC1}
============

RNA binding proteins (RBPs) regulate a myriad of gene expression processes in the cell, from splicing to nuclear export to translation and RNA decay ([@B1],[@B2]). Importantly, many RBPs also functionally regulate the expression of other RBPs through altering splicing, stability or translation ([@B3],[@B4]). In addition, RBPs often cooperate or antagonize each other\'s activity on substrates ([@B5]). This complex interplay of expression and activity between RBPs is important to ultimately shape gene expression.

Alternative splicing of pre-mRNAs allows for the generation of distinct protein functions from a single gene by regulated inclusion or exclusion of particular exons or segments thereof ([@B5]). Such alternative splicing is typically controlled by RNA-binding proteins (RBPs) that associate with sites along a nascent transcript and direct the splicing machinery to sites of cleavage and ligation ([@B5]). Importantly, however, most well-studied examples of alternative splicing are regulated not by the presence or absence of a single RBP, but rather through the combinatorial activity of numerous RBPs that function in a cooperative or antagonistic manner ([@B5]). Since alternative splicing has profound impact on cellular function ([@B6]), understanding how RBPs functionally intersect at both the level of target activity as well as expression is important to understanding how splicing decisions are regulated.

One RBP that has been particularly linked to both alternative splicing and the regulation of other RBPs is CELF2 ([@B9]). CELF2 is part of the CUGBP, ELAV-Like Family (CELF) of proteins, which all contain three RNA recognition motifs (RRMs) and have been shown to regulate numerous steps in RNA processing including pre-mRNA splicing, mRNA stability and polyadenylation ([@B12],[@B15],[@B16]). In the case of alternative splicing, CELF2 has been shown to act as both an activator and repressor of exon inclusion, dependent on the location of its binding relative to the regulated exon ([@B10],[@B12],[@B17],[@B18]). We have also shown that in Jurkat T cells, CELF2 regulates the alternative splicing of many RBPs and also regulates the expression of RBFOX2 via control of alternative polyadenylation ([@B14],[@B16]).

CELF2 typically regulates splicing by binding to intronic UG-rich sequence elements ([@B18]). Interestingly, many of the sequence elements that have been shown biochemically to bind CELF2 also bind the RBP hnRNP C, including intronic regulatory sequences in the TRAF3, LEF1 and MKK7 genes ([@B17]). HnRNP C is an abundant nuclear RBP that associates both in vitro and in vivo with 4--5 consecutive uridine residues ([@B20]). Such poly-U stretches are common in introns and 3′ untranslated regions (UTRs). Accordingly, hnRNP C has been shown to bind to over half of protein coding genes in cells and regulates both splicing and polyadenylation ([@B20]). In particular, hnRNP C has a general role in preventing cryptic inclusion of exon-like Alu-elements, thereby maintaining the fidelity of the genome ([@B21]).

Given the similarity between the binding consensus for CELF2 (UG-rich) and hnRNP C (U-rich), it is perhaps not surprising that these proteins often co-localize on pre-mRNAs. However, the impact of this co-localization and possible functional cross-talk between CELF2 and hnRNP C has not been broadly explored. Moreover, in the few cases where cooperative function of CELF2 and hnRNP C has been studied there is no clear pattern. For example, CELF2 and hnRNP C both appear to repress use of TRAF3 exon 8 upon binding to an intronic silencer upstream from this exon ([@B19]). By contrast, both CELF2 and hnRNP C bind upstream of the second exon of the MKK7 gene ([@B17],[@B18]), but in previous studies only knockdown of CELF2 significantly alter inclusion of this exon ([@B17]).

Here, we undertake a comprehensive analysis of the functional interplay of CELF2 and hnRNP C. We find a significant overlap of splicing events that are regulated in response to shRNA-mediated depletion of either CELF2 or hnRNP C. Further analysis revealed that this is due, at least in part, to the fact that depletion of either CELF2 or hnRNP C markedly decreased expression of the other protein. We demonstrate that hnRNP C is necessary for optimal transcription of CELF2, while CELF2 regulates the translation of hnRNP C. Finally, by reconstituting expression of one protein in the absence of the other, we show that cooperative loss of both proteins has a more robust impact on splicing than loss of either protein alone. Therefore, we conclude that the reciprocal regulation of CELF2 and hnRNP C is used by cells to achieve maximal response in cellular mRNA expression.

MATERIALS AND METHODS {#SEC2}
=====================

Cell culture, knockdowns and protein expression {#SEC2-1}
-----------------------------------------------

JSL1 Jurkat cells were grown in RPMI + 5% heat-inactivated FCS as described previously ([@B23]). Direct knockdown of CELF2 was done as described previously ([@B9]) using sequences directed to the CELF2 coding sequences (see [Supplemental Figure S2](#sup1){ref-type="supplementary-material"}). Direct knockdown of hnRNP C was done in the same manner, using a lentivirus encoded short hairpin RNAs targeting the hnRNP C 3′ UTR (see [Supplemental Figure S2](#sup1){ref-type="supplementary-material"}). Expression of cDNA CELF2, hnRNP C1 and hnRNP C2 was done as described previously ([@B17]). Stimulation of cells was done by the addition of 20ng/ml PMA. Inhibition of transcription and translation to test mRNA/protein stability was done by adding 5ug/ml actinomycin or 100 μg/ml cycloheximide, respectively, to the Jurkat culture media followed by harvesting the cells at the time points indicated.

RASL-seq and RT-PCR analysis {#SEC2-2}
----------------------------

Three independent integrates of the lentivirus-shRNA for both CELF2 and HNRNPC were grown along with wildtype controls and stimulated with 20 ng/ml PMA as described previously ([@B9],[@B23]). RNA was extracted using RNA-Bee (Tel-Test). RASL-seq libraries were prepared and sequenced as described ([@B17]). Splicing events were filtered for \>10 average reads across all samples. Percent spliced in (PSI) was calculated for each event by the ratio of the number of reads corresponding to the long isoform to the total reads (long and short) for the event. The change (ΔPSI) was then calculated as the difference between average PSI from the shRNA replicates and average PSI from three control replicates. Events were considered significantly changing if the absolute value for ΔPSI was greater than 10% with *P* \<0.05 (unpaired Student\'s *t*-test). Event validation was done using radiolabeled RT-PCR as described previously ([@B23]). Primers used are listed in [Supplementary Table S2](#sup1){ref-type="supplementary-material"}. Events were considered validated if RT-PCR showed splicing changed in the same direction as indicated by RASL-seq and ΔPSI was greater than 10% with *P* \< 0.05.

qRT-PCR {#SEC2-3}
-------

Quantitative RT-PCR was done as previously described ([@B24]). PCR primers used are listed in [Supplementary Table S2](#sup1){ref-type="supplementary-material"}.

Western blots {#SEC2-4}
-------------

Western blots were done as previously described ([@B16]) using the following antibodies: hnRNP L (Abcam, Ab6106), CELF2 (University of Florida ICBR, HL1889), hnRNP C (Abcam, Ab10294), Flag (Cell Signaling Technologies, 2368S).

3′RACE {#SEC2-5}
------

RACE-Ready cDNA were produced and transcript 3′ ends were identified by SMARTer RACE cDNA Amplification Kit (Clontech) according to the manufacturer\'s instructions and as described in ([@B16]). RACE-Ready cDNA were analyzed on agarose gels. Gene specific forward primer used for amplification of RACE-Ready cDNA is listed in [Supplementary Table S2](#sup1){ref-type="supplementary-material"}.

Polysome analysis {#SEC2-6}
-----------------

Polysome analysis of Jurkat cells was done based on methods described previously ([@B25]). In brief, 6 × 10^7^ cells were either treated with cycloheximide (CHX) 100 μg/ml for 30 min or left untreated. Cells were then pelleted and rinsed with ice-cold PBS containing 100 μg/ml CHX. Cell pellets were resuspended in 1 ml of ice-cold lysis buffer (10 mM HEPES, pH 7.4, 5 mM MgCl~2~, 100 mM KCl, 1% Triton X-100, 2 mM DTT, 100 μg/ml CHX, 1× Complete EDTA-free protease inhibitor cocktail (Roche) and 400 U/ml RNAsin (Promega)) and passed through QIAShredder microbead columns (Qiagen). 700 μl of lysate was loaded onto 10--50% sucrose gradients buffered with 10 mM HEPES, pH 7.4, 5 mM MgCl~2~, 100 mM KCl, 2 mM DTT, 100 μg/ml CHX, 1× Complete EDTA-free protease inhibitor cocktail and 40 U/ml RNAsin and centrifuged in a SW-40 rotor at 38 000 RPM for 135 min. Gradients were fractionated as described ([@B25]). 1 fmol of T7 transcribed influenza-A M1-RNA was added to each fraction as a control and RNA extracted using RNA-Bee (Tel-Test).

RESULTS {#SEC3}
=======

HnRNP C and CELF2 regulate a common set of splicing events {#SEC3-1}
----------------------------------------------------------

The previous reports demonstrating binding of CELF2 and hnRNP C to overlapping splicing regulatory sequences suggest these proteins may coordinately regulate a similar set of genes. To test this prediction, we compared the impact of depletion of CELF2 or hnRNP C in Jurkat T cell on the splicing of ∼5000 known alternative exons using the RASL-Seq platform ([@B26]). Indeed, in stimulated cells in which expression of both CELF2 and hnRNP C are normally robust, we find a high degree of overlap between exons that exhibit altered splicing upon shRNA-mediated knockdown of CELF2 versus shRNA-mediated knockdown of hnRNP C (23% of CELF2-responsive or 33% of hnRNP C-responsive, *P*\< 2e--28) (Figure [1A](#F1){ref-type="fig"}, [Supplemental Table S1](#sup1){ref-type="supplementary-material"}). This overlap is much more than that observed between other pairwise comparison of RBPs in Jurkat cells ([Supplemental Figure S1A](#sup1){ref-type="supplementary-material"}). Even more strikingly, for those exons responsive to both hnRNP C and CELF2, the direction and extent of impact (enhancement versus repression) is nearly identical (*R*^2^ = 0.86 with a slope of 0.83, Figure [1B](#F1){ref-type="fig"}). The only two splicing events that were predicted by the RASL platform to exhibit opposite changes upon depletion of CELF2 versus hnRNP C were shown to be false predictions by subsequent RT-PCR analysis (Figure [1B](#F1){ref-type="fig"}, 'not valid'). By contrast, the vast majority of predicted co-regulated events were validated by RT-PCR (Figure [1B](#F1){ref-type="fig"}, [C](#F1){ref-type="fig"}, [Supplemental Table S1](#sup1){ref-type="supplementary-material"}). We also find that many of the splicing changes that initially appear to be specific for CELF2 or hnRNP C (Figure [1A](#F1){ref-type="fig"}) actually trend in the same direction upon depletion of the other proteins ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). However, we do find 37 and 45 splicing events that are truly specific for hnRNP C or CELF2, respectively ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}), several of which were confirmed by RT-PCR (Figure [1D](#F1){ref-type="fig"}, E). A similar trend is also observed in unstimulated Jurkat cells ([Supplemental Figure S1B](#sup1){ref-type="supplementary-material"}, C), although CELF2 is only weakly expressed under these conditions and thus the impact of depletion of CELF2 is less.

![CELF2 and hnRNP C regulate a highly overlapping set of splicing events. (**A**) Overlap of events sensitive (\|ΔPSI\| \> 10, *P*\< 0.05) to either knockdown by shCELF2 or sh-hnRNPC in PMA stimulated Jurkat cells. Significance of overlap was calculated using a 2-tailed hypergeometric test. (**B**) Correlation of ΔPSI of the 71 splicing events sensitive to both shCELF2 and sh-hnRNP C in PMA stimulated Jurkat cells. Splicing events validated by RT-PCR are shown in green, while events that failed to validate by RT-PCR are shown as red diamonds. (C--E) Representative RT-PCR analysis of the splicing of genes predicted by RASL-Seq to be regulated by (**C**) both hnRNP C and CELF2, (**D**) hnRNP C only or (**E**) CELF2 only. Splicing is quantified by the percent of variable exon inclusion (PSI). Values and standard deviation from at least three biologically independent experiments is shown below in Figure [5](#F5){ref-type="fig"}.](gkaa295fig1){#F1}

The expression of hnRNP C and CELF2 proteins are co-regulated {#SEC3-2}
-------------------------------------------------------------

While the high degree of co-regulation of splicing by CELF2 and hnRNP C is consistent with these proteins exhibiting overlapping binding sites on pre-mRNAs, another potential explanation is that depletion of one protein impacts the expression of the other. To test this, we performed western blot and qPCR analysis of protein and RNA expression, respectively. Strikingly, we indeed observe that depletion of CELF2 in stimulated cells results in a ∼5-fold reduction in hnRNP C protein (Figure [2A](#F2){ref-type="fig"}, B), with little impact on hnRNP C mRNA (Figure [2C](#F2){ref-type="fig"}, gray bars in -- versus CELF2 shRNA). A similar trend is observed in unstimulated cells, however, as the expression of CELF2 is naturally low in unstimulated cells its depletion has a more limited effect (Figure [2B](#F2){ref-type="fig"}, [Supplemental Figure S2A](#sup1){ref-type="supplementary-material"}). Conversely, depletion of hnRNP C has a modest (∼2-fold) effect on CELF2 protein (Figure [2A](#F2){ref-type="fig"}, B) that is mirrored by a ∼2-fold decrease in CELF2 mRNA (Figure [2C](#F2){ref-type="fig"}, black bars). Importantly, we observe a similar decrease in hnRNP C protein with two independent CELF2 targeting shRNAs and visa versa, and there is little complementarity between each shRNA and the other non-targeted mRNA ([Supplemental Figure S2B--D](#sup1){ref-type="supplementary-material"}). Therefore, we conclude that any impact of depletion of CELF2 or hnRNP C on the converse protein is not due to off-targeting effects of shRNAs, but rather to cross-regulation between these proteins.

![HnRNP C promotes CELF2 mRNA expression while CELF2 promotes hnRNP C protein expression. (**A**) Western blot of CELF2 and hnRNP C upon shRNA-mediated knock-down of either protein in PMA-stimulated Jurkat cells. HnRNP L is used as a loading control. (**B**) Quantification of protein expression 48 h after knock-down, as shown in representative blots in panel A and [Supplemental Figure S2](#sup1){ref-type="supplementary-material"}. Values are from three biologically independent experiments and normalized to the expression of each protein in unstimulated wildtype cells. (**C**) Quantification of CELF2 and hnRNP C mRNA by qPCR from unstimulated or PMA-stimulated wildtype Jurkat cells compared to those depleted of CELF2 or hnRNP C for 48 hours. ND indicates mRNA was below the level of detection. Double asterisk indicates *P*\< 0.01.](gkaa295fig2){#F2}

HnRNP C regulates the transcription of CELF2 mRNA {#SEC3-3}
-------------------------------------------------

We first explored the mechanism for the apparent regulation of CELF2 by hnRNP C. We have previously shown that CELF2 mRNA is subject to both alternative splicing and alternative polyadenylation (APA) ([@B16]). Knockdown of hnRNP C for 24 hours has no impact on the pattern of CELF2 alternative splicing or CELF2 APA ([Supplemental Figure S3](#sup1){ref-type="supplementary-material"}). We did not assess later time points as CELF2 regulates its own splicing and APA, thus once CELF2 protein starts to decrease we anticipate autoregulatory impact on its own transcript. Furthermore, since neither alternative splicing nor APA impacts the level of CELF2 mRNA ([@B16]), it is unlikely that either process is the mechanism by which loss of hnRNP C leads to a reduction in CELF2 mRNA.

We have previously observed that CELF2 mRNA is subject to regulated transcription and stabilization ([@B9],[@B17]). We first assessed whether depletion of hnRNP C impacts the stability of CELF2 using actinomycin D to block transcription, but observed no change in CELF2 mRNA half-life (Figure [3A](#F3){ref-type="fig"}). By contrast, we do observe a loss of the NFkB-induced transcription of CELF2 (Figure [3B](#F3){ref-type="fig"}, [C](#F3){ref-type="fig"}) that we have reported previously ([@B9]). The impact of hnRNP C on the transcription of CELF2 mRNA, which is responsible for roughly half of the increase in CELF2 expression in PMA stimulated cells, is consistent with the partial decrease in CELF2 mRNA and protein observed upon loss of hnRNP C. The mechanism by which hnRNP C may contribute to the transcription of CELF2 is not fully clear but is consistent with the fact that hnRNP C has been linked to NFkB signaling ([@B19]).

![HnRNP C promotes transcription of CELF2. (**A**) Quantification of CELF2 mRNA following inhibition of transcription by actinomycin D in wildtype Jurkat cells (WT) versus those expressing shRNA against hnRNP C (sh-hnRNP C) is shown. CELF2 levels were measured by RT-PCR and normalized to actin. (**B**) CELF2 mRNA expression, as measured by RT-PCR and normalized to actin, following PMA treatment of wildtype Jurkat cells (WT) versus those expressing shRNA against hnRNP C (sh-hnRNP C). Treatment of Jurkat cells with an inhibitor to NF-κB (NFκBi) was previously shown to block the transcriptional induction induced by PMA ([@B9]). For both panels A and B, values are from at least 3 biologically independent experiments. Error bars represent standard deviation. (**C**) A representative gel used for quantification in panel B.](gkaa295fig3){#F3}

CELF2 regulates the translation of hnRNP C mRNA {#SEC3-4}
-----------------------------------------------

Having determined that hnRNP C contributes to the transcriptional expression of CELF2, we next sought to understand how CELF2 regulates the expression of hnRNP C. Depletion of CELF2 reduces hnRNP C protein without a corresponding change in hnRNP C mRNA levels (Figure [2C](#F2){ref-type="fig"}) or splicing ([Supplemental Figure S4](#sup1){ref-type="supplementary-material"}). In addition, depletion of CELF2 also causes a reduction in Flag-tagged hnRNP C expressed from a cDNA construct (Figure [4A](#F4){ref-type="fig"}, [Supplemental Figure S5](#sup1){ref-type="supplementary-material"}). Therefore, we considered mechanisms that specifically control protein levels, namely protein stability and translation. While we observe some stabilization and a slight mobility shift of hnRNP C upon treatment with the translation blocker cycloheximide, this occurs in both the presence and absence of CELF2 depletion (Figure [4B](#F4){ref-type="fig"}), with the only difference being the reduced steady-state levels of hnRNP C in the presence of CELF2 depletion, as observed above (Figure [2](#F2){ref-type="fig"}). Therefore, we conclude that CELF2 does not have a significant impact on hnRNP C protein stability.

![CELF2 regulates translation of hnRNP C. (**A**) Western blot of Flag-tagged hnRNP C (C1) expressed from a transfected cDNA in the absence or presence of Doxycycline induced expression of shRNA against CELF2. Depletion of CELF2 is also confirmed by western blot. hnRNP L is a loading control. (**B**) Expression of hnRNP C or hnRNP L protein, by western blot, following inhibition of translation by treatment with cycloheximide (CHX). (C--E) Quantification of the indicated messages in RNA extracted from the indicated fractions following sucrose gradient separation of polysomes from wildtype (WT) or CELF2 shRNA (shCELF2) expressing Jurkat cells harvested in the absence (--CHX) or presence (+CHX) of cycloheximide. mRNAs quantified are (**C**) endogenous hnRNP C, (**D**) Flag-tagged hnRNP C cDNA, (**E**) hnRNP L. In the case of hnRNP C cDNA, the control cells did contain the shRNA vector against CELF2, but the expression of this hairpin was not induced by doxycycline (--Dox). All mRNA levels were quantified by RT-PCR and normalized to RT-PCR signal from exogenous influenza viral M1 RNA spiked into fractions prior to RNA isolation. Results from replicate experiments and overall polysome profiles are shown in [Supplemental Figure S6](#sup1){ref-type="supplementary-material"}.](gkaa295fig4){#F4}

In contrast to the lack of difference in protein stability, we do observe a CELF2-dependent difference in the association of ribosomes with hnRNP C mRNA (Figure [4C](#F4){ref-type="fig"}, [Supplemental Figure S6A](#sup1){ref-type="supplementary-material"}). In wildtype cells, hnRNP C mRNA is enriched in high density polysome fractions following a brief treatment with cycloheximide (WT +CHX) but is depleted from polysomes in the absence of cycloheximide (WT --CHX), as is typical of efficiently translating messages ([@B27]). Overall polysomes are also depleted in the absence of cycloheximide ([Supplemental Figure S6B](#sup1){ref-type="supplementary-material"}). However, upon expression of shRNA against CELF2, hnRNP C mRNA is retained in polysomes even in the absence of cycloheximide (Figure [4C](#F4){ref-type="fig"}, shCELF2 --CHX). Such a cycloheximide-independent association of mRNAs with polysomes is considered an indication of poor efficiency of translation elongation ([@B27],[@B28]). Notably, we observe a similar cycloheximide-independent ribosome profile for hnRNP C cDNA (Figure [4D](#F4){ref-type="fig"}), but not for the heterologous hnRNP, hnRNP L, whose expression is not impacted by CELF2 (Figure [4E](#F4){ref-type="fig"}). In sum, we conclude that depletion of CELF2 reduces translation elongation efficiency in a transcript-specific manner, specifically including the hnRNP C mRNA. A detailed investigation of the mechanism by which CELF2 depletion impacts translation is beyond the scope of the present study, but several hypotheses are described below (see Discussion).

Coordinated expression of CELF2 and hnRNP C is important for optimal splicing regulation {#SEC3-5}
----------------------------------------------------------------------------------------

Having determined the mechanisms by which CELF2 and hnRNP C regulate the expression of each other, we next investigated the physiologic implications of this regulation. One question is whether CELF2 and hnRNP C are coordinately expressed under changing cellular conditions. This question is complicated given that CELF2 and hnRNP C, like most RBPs, are regulated at many different levels ([@B9],[@B16],[@B19]) and changes in cell signaling or cell fate can induce multiple regulatory programs. For example, the transcription of hnRNP C decreases upon activation of Jurkat cells in a non-CELF2 dependent manner ([@B17],[@B24]); therefore, although CELF2 protein levels increase upon T cell activation due to increased protein transcription and stability, the level of hnRNP C protein remains roughly unchanged or even decreases slightly (see [Supplemental Figures S2 and S7](#sup1){ref-type="supplementary-material"}). However, the bidirectional regulation of CELF2 and hnRNP C appears to be an important factor in the ultimate expression of these proteins upon activation, as CELF2 does not increase upon stimulation in the absence of hnRNP C ([Supplemental Figure S2A](#sup1){ref-type="supplementary-material"}) and in the complete absence of CELF2, hnRNP C decreases to almost undetectable levels upon stimulation ([Supplemental Figure S7](#sup1){ref-type="supplementary-material"}). Moreover, proteomic ([@B13],[@B29]) and transcriptomic ([@B30]) analysis of mouse heart and muscle tissue also demonstrates a parallel reduction of CELF2 and hnRNP C during postnatal development ([Supplemental Figure S7](#sup1){ref-type="supplementary-material"}). Therefore, while cross-regulation of CELF2 and hnRNP C is not the only determinant of expression of these two proteins, there is evidence that coordinated expression tunes the levels of these proteins under physiologic conditions.

Finally, we sought to understand the functional consequence of co-regulation of CELF2 and hnRNP C on the splicing of target genes. In particular, given the fact that depletion of either CELF2 and hnRNP C partially or fully reduces the expression of the other (Figure [5A](#F5){ref-type="fig"}) we asked why splicing of some target genes appear to be specifically impacted only in the case of one of the hairpins. We hypothesized that splicing events that are only altered in the presence of sh-hnRNP C may be cases in which CELF2 and hnRNP C have direct antagonistic impact, such that preferential reduction of hnRNP C with the sh-hnRNP C hairpin shifts the balance of regulation toward CELF2, while reduction of both proteins in the case of the sh-CELF2 hairpin would restore the balance to that of the wildtype situation (Figure [5B](#F5){ref-type="fig"}, top left). Consistent with this, we observe a strong signature for hnRNP C binding around these exons using CLIP data from ENCODE ([Supplemental Figure S8](#sup1){ref-type="supplementary-material"}). While we observe less binding of CELF2 around these sh-hnRNP C-specific exons, it is possible that CELF2 exerts its effect indirectly, such as through RBFOX2 as we have shown previously ([@B14]). Regardless, this model predicts that forced expression of CELF2 would have little impact on the sh-hnRNP C induced splicing change for these events, as CELF2 is already active. Indeed, this is what we observe when we used cDNA overexpression to increase Flag-tagged CELF2 expression in the presence of the hnRNP C hairpin (Figure [5B](#F5){ref-type="fig"}, top right, CCNT1, EIF4G2 and Figure [5C](#F5){ref-type="fig"}). By contrast, those events that are specifically altered in the presence of the sh-CELF2 hairpin are likely ones in which hnRNP C has effect and CELF2 repression is saturating, such that the partial depletion observed in the presence of the sh-hnRNP C hairpin is not sufficient to yield an effect (Figure [5B](#F5){ref-type="fig"}, middle left). Again, this is consistent with the CLIP data that reveals a strong signature for CELF2 binding around these sh-CELF2-specific exons, but little evidence for hnRNP C binding ([Supplemental Figure S8](#sup1){ref-type="supplementary-material"}). Moreover, re-expression of Flag-tagged hnRNP C had no impact on genes regulated only in the presence of the CELF2 shRNA (Figure [5B](#F5){ref-type="fig"}, middle right, MADD, EIF4H and Figure [5C](#F5){ref-type="fig"}), while overexpression of Flag-tagged CELF2 in wildtype cells was sufficient in many cases to induce changes in splicing ([Supplemental Figure S9](#sup1){ref-type="supplementary-material"}).

![Coordinated expression of CELF2 and hnRNP C fine-tune splicing outcomes of target genes. (**A**) Schematic and summary of the consequence of expression of shRNA against CELF2 (shC2) or hnRNP C (shC) on the expression of both proteins, as listed on the top of the columns. ++, + and − indicate high, medium and low expression. (**B**) Left: Potential models of action of CELF2 and hnRNP C on splicing targets that account for both the coordinated regulation observed between these proteins and the subset of target genes that are impacted by depletion of only one or the other protein. See main text for detailed description of models. Right: Quantification of RT-PCR analysis of several target genes upon partial rescue of CELF2 or hnRNP C expression in the knock-down of the other gene. Values are derived from at least three biologically independent experiments. Error bars represent standard deviation. (**C**) Western blot of CELF2 and hnRNP C expression in cells used for RT-PCR analysis in panel B. +C and +C2 indicate the overexpression of hnRNP C or CELF2, respectively, from Flag-tagged cDNA vectors. The mobility of the cDNA-expressed proteins is different from the endogenous due to the Flag tag. HnRNP L is used as a loading control.](gkaa295fig5){#F5}

Lastly, we wanted to determine whether those splicing events that are sensitive to knock down of either CELF2 or hnRNP C (Figure [5B](#F5){ref-type="fig"}, bottom) are directly regulated by both CELF2 and hnRNP C or, alternatively, are only controlled by hnRNP C which is efficiently reduced upon depletion of CELF2. Importantly, the above-mentioned CLIP data shows strong evidence for position-specific regulation via direct binding of CELF2, at least for those exons enhanced by CELF2, which are the majority ([Supplemental Figure S8](#sup1){ref-type="supplementary-material"}). There is also a clear signature for binding of hnRNP C around these exons ([Supplemental Figure S8](#sup1){ref-type="supplementary-material"}). Consistently, using the cDNA overexpression strategy (Figure [5C](#F5){ref-type="fig"}) we find that re-expression of Flag-tagged CELF2 or hnRNP C individually abrogates some, but not all, of the splicing effect of genes regulated by both the CELF2 and hnRNP C hairpins (Figure [5B](#F5){ref-type="fig"}, bottom right, CAMKK2, SYNE2). This partial rescue, together with the binding data, strongly supports a model of cooperative regulation of splicing by hnRNP C and CELF2, such that their coordinate expression results in maximal impact on exon inclusion. In sum, while we cannot discount a variety of other models by which hnRNP C and CELF2 regulation may impact splicing, our data supports the notion that reciprocal regulation of hnRNP C and CELF2 is used by cells to tune splicing patterns across a broad range of genes.

DISCUSSION {#SEC4}
==========

HnRNP C and CELF2 are both multifunctional RNA binding proteins that have been implicated in controlling many steps of RNA processing and gene expression. While both of these proteins have been studied extensively in isolation, we show here that they also regulate a highly overlapping set of splicing events. Some of this functional overlap in splicing regulation is likely due to overlap of substrate binding, as has been demonstrated in other studies ([@B17]). However, we also find here that the expression of hnRNP C and CELF2 proteins are induced by each other, such that a decrease in one protein results in a partial to significant decrease in the other. We note that at least two previous studies, including one of our own, have failed to show reciprocal regulation of hnRNP C and CELF2 ([@B17],[@B19]); however, in both of these cases the efficiency of knockdown was less than we achieve here. Importantly, we demonstrate here that with robust depletion, the coordination of hnRNP C and CELF2 expression occurs through reciprocal regulation in which hnRNP C controls the transcription of CELF2 mRNA, while CELF2 is necessary for efficient translation of hnRNP C protein. Taken together this study, therefore, adds to our understanding of the functional interplay of RNA binding proteins, and also identifies previously unknown activities of both hnRNP C and CELF2.

CELF2 mRNA is induced upon stimulation of Jurkat cells with PMA, due to an early burst of NF-κB-dependent transcription followed by a JNK-mediated increased in mRNA stability starting 24 h after stimulation. Our data demonstrate that in the absence of hnRNP C, NF-κB dependent transcription of CELF2 fails to occur. Previous studies have implicated hnRNP C as a regulator of splicing ([@B20],[@B31]) and 3′ end processing ([@B32]) as well as mRNA stability ([@B33]) and packaging ([@B34]). To our knowledge, hnRNP C has not previously been shown to regulate transcription. However, hnRNP C has been shown to control NF-κB activity in Jurkat cells through regulating the splicing of TRAF3 ([@B19]). Therefore, we conclude that hnRNP C regulates the transcription of CELF2 indirectly through the splicing of TRAF3 and subsequent control of NF-kB.

Like, hnRNP C, CELF2 has also been shown to regulate a myriad of RNA processing steps including splicing, polyadenylation, editing and stability ([@B15]). A few studies have suggested that CELF2 may repress translation of two mRNAs through binding to the 3′UTR and competitively inhibiting association of the translation regulator HuR ([@B15],[@B35],[@B36]). Although CELF2 is primarily nuclear in Jurkat cells ([@B10]), it is possible that the small cytoplasmic pool of CELF2 may similarly enhance hnRNP C translation by inhibiting binding of a translation repressor; however this would have to occur within the coding sequence itself as loss of CELF2 reduces translation of the hnRNP C cDNA as robustly as it impacts the endogenous hnRNP C message. Alternatively, CELF2 may control hnRNP C translation indirectly. In such a model CELF2 would regulate the expression of a translation elongation factor through splicing, polyadenylation or stability. Regardless of a direct or indirect mode of action, we emphasize that the impact of CELF2 on translation is substrate-specific, rather than a general impact on the translation machinery, as we observe no change in the translation of hnRNP L or other control genes tested. Such a substrate-specific effect suggests either the activity of a sequence-specific RBP or an effect on specific codons. The precise mechanism by which CELF2 regulates the translation of hnRNP C, therefore, will be of great interest for future studies as a model for specific modulation of translation.

Finally, beyond providing new insight into the cellular activities of hnRNP C and CELF2, this study adds to our growing appreciation of the complex networks of RBPs that control gene expression in human cells. Auto-regulation and cross-regulation of RBPs has been extensively documented in the literature ([@B3],[@B14],[@B37]). This includes frequent reciprocal regulation between paralogs such as hnRNP L and hnRNP L-like ([@B38]) or PTBP1 and PTBP2 ([@B39]), which results in the flipping of activities on common binding sites. Notably, CELF2 and CELF1 do not show similar reciprocal regulation, at least in Jurkat T cells, perhaps because their subcellular localization is distinct ([@B10]). However, we have previously reported cross-regulation of RBFOX2 by CELF2 ([@B14]). Although RBFOX2 and CELF2 bind highly distinct sequences, these proteins do both bind an overlapping set of target genes such that the balance of expression between RBFOX2 and CELF2 does have a large impact on cellular splicing patterns ([@B14]).

Here, we show an alternate pattern of cross-regulation in which increased expression of either CELF2 or hnRNP C promotes the expression of the other protein. This cooperative expression is perhaps surprising in that the preferred binding motif for these proteins is similar and they also share many target genes in common ((17--19) and this study). However, unlike in cases such as PTBP1/PTBP2, in which the isoforms have antagonistic activities ([@B39]), we find evidence for wide-spread cooperative activity between hnRNP C and CELF2, such that their cooperative expression promotes splicing patterns to an extent that is greater than either protein alone. Therefore, this cooperative regulation represents a further mechanism by which RBPs tune each other\'s expression to ultimately achieve maximal control over cellular gene expression.
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